Fluorescent reporter gene knock-in induced pluripotent stem cell (iPSC) lines have been used to evaluate the efficiency of differentiation into specific cell lineages. Here, we report a knockin strategy for the generation of human iPSC reporter lines in which a 2A peptide sequence and a red fluorescent protein (E2-Crimson) gene were inserted at the termination codon of the cone-rod homeobox (Crx) gene, a photoreceptor-specific transcriptional factor gene. The knock-in iPSC lines were differentiated into fluorescence-expressing cells in 3D retinal differentiation culture, and the fluorescent cells also expressed Crx specifically in the nucleus. We found that the fluorescence intensity was positively correlated with the expression levels of Crx mRNA and that fluorescent cells expressed rod photoreceptor-specific genes in the later stage of differentiation. Finally, we treated the fluorescent cells with DAPT, a Notch inhibitor, and found that DAPT-enhanced retinal differentiation was associated with up-regulation of Crx, Otx2 and NeuroD1, and down-regulation of Hes5 and Ngn2. These suggest that this knock-in strategy at the 3 0 -end of the target gene, combined with the 2A peptide linked to fluorescent proteins, offers a useful tool for labeling specific cell lineages or monitoring expression of any marker genes without affecting the function of the target gene.
Introduction
Human pluripotent stem cells, such as human embryonic stem cell (hESC) and human induced pluripotent stem cells (hiPSCs), can differentiate into any type of cells in the body including the retina (Osakada et al. 2008; Lamba et al. 2009; Meyer et al. 2009; Boucherie et al. 2013) . To date, efficient retinal differentiation protocols have been sought because a large number of photoreceptors are required for cell transplantation therapy in patients with retinal degeneration diseases such as retinitis pigmentosa or agerelated macular degeneration. Besides retinal transplantation (Shirai et al. 2016) , stem cell technologies have been applied to the retinal transcriptome, retinal disease modeling and drug screening (Jin et al. 2011; Meyer et al. 2011; Kaewkhaw et al. 2015 Kaewkhaw et al. , 2016 Parfitt et al. 2016) . In these cases, the transgene of fluorescent reporters was used to identify specific cells expressing a marker gene (Qian et al. 2005; Akimoto et al. 2006; Hsiau et al. 2007) .
However, when human stem cells were differentiated into specific cell lineages, a reduction in reporter expression was observed, indicating transgene silencing (Macarthur et al. 2012) . To avoid the silencing of the fluorescent reporter gene in the human genome, the AAVS1 locus on chromosome 19 is often used, because this site has been shown to allow stable expression of transgenes (Smith et al. 2008) . Thus, a knock-in approach at this specific site is advantageous for the labeling of specific human cell lineages. Recent progress in genome editing technologies, such as zinc-finger nuclease (ZFN; Hockemeyer et al. 2009 ), transcription activator-like effector nuclease (TALEN; Hockemeyer et al. 2011) and clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9; Cho et al. 2013; Cong et al. 2013; Jinek et al. 2013; Mali et al. 2013) , have enabled us to efficiently generate knock-in cell lines. Among them, the newly developed CRISPR/Cas9 is a simple and useful tool, because its target is specified by single-guide RNA (sgRNA), and the target can be changed by converting the 20-bp sgRNA sequence. Therefore, CRISPR/Cas9 is preferable for the screening of gene functions (Sunagawa et al. 2016) , or for generating multiple reporter hiPSC lines (Li et al. 2015) .
Cone-rod homeobox (Crx), the homeodomain transcription factor, plays a key role in photoreceptor development and maintenance (Chen et al. 1997; Freund et al. 1997; Furukawa et al. 1997) and is used as a photoreceptor marker gene (Furukawa et al. 2002) . Recently, human Crx promoter and fluorescent reporter genes were inserted into the AAVS1 locus to label developing photoreceptors (Kaewkhaw et al. 2015) . However, with this strategy, the specific promoter has to be identified, and thus, the target genes are limited. Another strategy is general fluorescent reporter gene knock-in, in which a specific gene locus is substituted by a fluorescent reporter gene (Nakano et al. 2012) . In this approach, we do not have to clone the promoter of the target gene, although the selected knock-in cell lines are inherently heterozygous. More recently, a fluorescent protein gene was inserted at the 3 0 -end of the Crx gene (Collin et al. 2016) , in which the fusion protein (Crx-GFP) was localized in the nucleus of Crx-positive cells. In this knock-in strategy at the 3 0 -end, a 2A peptide sequence (Donnelly et al. 2001; Szymczak et al. 2004 ) may be useful to design a new reporter system that expresses both an intact target protein and a fluorescent reporter protein. As the 2A peptide is cleaved after gene translation, the number of the expressed target protein is theoretically the same as that of the fluorescent reporter protein. Although several reporter hiPSC lines were generated using this approach (Hockemeyer et al. 2011; Pei et al. 2015; Zhu et al. 2015) , detailed analyses of gene expression profiles have not yet been carried out.
Here, we insert the 2A peptide and fluorescent reporter genes at the 3 0 -end of the Crx gene to generate knock-in hiPSC lines using the CRISPR/Cas9 system, and induce photoreceptor differentiation from hiPSCs during three-dimensional (3D) retinal differentiation culture (Nakano et al. 2012) . We then examine the fluorescence of the reporter and the expression of the Crx gene during the retinal differentiation. Using the knock-in hiPSC lines, we further explore rod photoreceptor-related gene profiles and Notch inhibitory signaling during 3D retinal differentiation culture. Our findings suggest that the knock-in strategy at the 3 0 -end of the target gene is feasible for observation of endogenous gene expression and fluorescence-activated cell sorting to evaluate gene expression profiles and that this approach provides a useful tool to investigate cell transplantation, retinal development or disease mechanisms without affecting the function of the target gene.
Results
Crx::2A::E2-Crimson knock-in hiPSC lines are generated using the CRISPR/Cas9 system A single-guide RNA (sgRNA) was designed to guide the Cas9 nuclease to cleave the target genome site, the 3 0 -end of the Crx gene (Fig. 1A) . The 2A peptide, red fluorescent protein gene (RFP, E2-Crimson) and the blasticidin resistance gene (Bsd) were inserted at the site. After selection culture with blasticidin, surviving colonies were selected and amplified. The validity of the knock-in was confirmed by genotyping PCR (Fig. 1B) . We selected three knock-in hiPSC lines (Crx::2A::E2-Crimson lines; #10, #15 and #16), because they showed neither the wild-type band, nor any mutations at the knock-in site (data not shown). Pluripotency of the knock-in hiPSC lines was confirmed by a lectin probe, rBC2LCN ( Fig. 1C ; Onuma et al. 2013; Tateno et al. 2013) . The pluripotency of the knock-in line was also confirmed by the expression of Nanog, OCT3/4, TRA-1-60 and SSEA4 (Fig. S1 in Supporting Information). To inspect for potential mutations induced by the CRISPR/Cas9 system (Fu et al. 2013; Hsu et al. 2013; Pattanayak et al. 2013) , we checked the target sequence using BLAST (http://blast.ncbi.nlm.nih.gov/) and found four off-target candidates [18/20, 90% homology, followed by a protospacer adjacent motif (PAM) sequence (5 0 -NGG)]. At these off-target sites, no mutation was observed in the selected knock-in iPSC lines (Fig. S2 in Supporting Information) .
To test whether Crx works in the reporter system, we examined the expression of Crx and E2-Crimson. These cell lines were differentiated into retinal cells in 3D retinal cell differentiation culture (Fig. S3 in Supporting Information). Several embryoid bodies (EBs) showed layer structures and E2-Crimson-positive cells (Fig. 1D ). E2-Crimson-positive cells were located beneath the layer and migrated to the surface (Fig. 1E ,E'), as seen in previous studies (Nakano et al. 2012; Kaewkhaw et al. 2015) . E2-Crimson was expressed in the whole of cells, whereas the Crx protein was located in the nucleus, which indicated that the 2A peptide was cleaved and that the E2-Crimson protein was released in the cytosol (Fig. 1F-H (Hill et al. 1991) , and Crx expression is activated by Otx2, another homeobox gene (Nishida et al. 2003) , which determines photoreceptor cell fate. Therefore, we used these markers to check the differentiation stage of the EBs. In the early stage of differentiation (D30), E2-Crimson-positive cells were distributed sparsely in the layer, and Pax6 was expressed in both the E2-Crimson-positive and E2-Crimson-negative cells ( Fig. 2A) (Fig. 2D ), whereas Otx2 is specifically expressed in E2-Crimson-positive cells (Fig. 2E) . In a previous study, gene expression profiles during 3D differentiation culture were investigated using Crx promoter-driven reporter (Crxp-GFP) hESC lines (Kaewkhaw et al. 2015) . (Fig. 2F ) and the cell population (Fig. 2G ) of E2-Crimson-positive cells increased. As both Crx expression and the intensity of E2-Crimson fluorescence increased during the culture (Fig. 2C,F ), they were associated (Fig. 2H) , and a positive correlation was observed between them (R 2 = 0.456, R: correlation coefficient).
Part of the E2-Crimson-positive cell population differentiates into rod photoreceptors in longterm 3D retinal differentiation culture
Neural retina leucine zipper protein (Nrl) is a basic motif-leucine zipper transcription factor of the Maf subfamily (Swaroop et al. 1992) , which determines rod cell fate. Nrl expression was observed in E2-Crimson-positive cells from D150, and increased during later 3D retinal differentiation culture ( (Fig. 3B ), although the expression was weak in one line (#16). Nrl expression requires the expression of retinoidrelated orphan nuclear receptor b (RORb) (Jia et al. 2009) , which is expressed in the outer nuclear layer of the mouse retina around birth (Chow et al. 1998) . RORb was highly expressed in E2-Crimson-positive cells (Fig. 3C) , rather than in E2-Crimson-negative cells, which indicated a correlation between Crx and RORb. Nrl activates the expression of rod-specific genes (Mitton et al. 2000; Mears et al. 2001; Pittler et al. 2004; Yoshida et al. 2004 ) including rhodopsin (Rho), phosphodiesterase 6b (Pde6b), transducing-a1 (Gnat1) and cyclic nucleotide-gated channel-a1 (Cnga1). Hyperpolarization-activated cyclic nucleotide-gated type 1 (HCN1) is expressed in rod photoreceptors (Homma et al. 2013) . These rod photoreceptor-related genes were expressed in E2-Crimson-positive cells, but were hardly, or not, expressed in E2-Crimson-negative cells at D294 (Fig. 3D-H) . Interestingly, the expression pattern of Crx was correlated with that of Otx2, HCN1, Gnat1 and Pde6b (defined as Crx dominant genes), whereas the expression pattern of Nrl was correlated with that of Rho and Cnga1 expression (defined as Nrl dominant genes). To compare the expression patterns of these genes with those of Crx or Nrl, the normalized gene expressions of each knock-in hiPSC line were plotted in 3D coordinates (Fig. 3I) . Crx dominant genes were clustered around the Crx spot, whereas Nrl dominant genes were located around the Nrl spot. Euclidean distance from the RORb spot to the Crx spot was shorter than that to the Nrl spot (Fig. 3J) . E2-Crimson-positive cells also expressed some markers of cone photoreceptor (Fig. S9 in Supporting Information), bipolar, amacrine or M€ uller glial cells (Fig. S10 in Supporting Information).
Notch signaling inhibition accelerates photoreceptor differentiation
DAPT, a c-secretase inhibitor, indirectly inhibits Notch, a c-secretase substrate, and increases the number of Crx-positive cells (Osakada et al. 2008; Nakano et al. 2012; Xie et al. 2014) . To investigate whether the effects of DAPT could be detected in the knock-in cell lines, we checked the expression level of the Crx gene in E2-Crimson-positive cells treated with DAPT for 60 days (day 30-90, Fig. 4A-a; Fig. S11A in Supporting Information). In fact, both Crx expression and fluorescence of E2-Crimson were higher in DAPT-treated cells than in untreated cells (Fig. S12 in Supporting Information) . Upstream of the Crx gene, Otx2 was also up-regulated by DAPT treatment ( Fig. 4A-b; Fig. S11K in Supporting Information), whereas the up-regulation of Rax, an activator of Otx2 transcription, was not significant ( Fig. 4A-c; Fig. S11L in Supporting Information). Next, we examined the actions of DAPT on possible candidate genes located downstream of Notch signaling ( Fig. 4B; Fig. S11 in Supporting Information). Hes5 expression in E2-Crimson-positive cells was effectively inhibited by DAPT treatment, whereas the expression of Notch1, Hes1 and Hey1 was not (Fig. 4B-a-d; Fig. S11B -E in Supporting Information). Notch signaling could control the expression of the proneural bHLH transcription factor genes, such as NeuroD1, Neurogenin2 (Ngn2), Ascl1 (also known as Mash1), NeuroD4 (also known as Math3) and Atoh7 (also known as Math5) (Swaroop et al. 2010) . NeuroD1 was significantly upregulated by DAPT treatment in two lines (#10 and #16, Fig. 4B-e; Fig. S11F in Supporting Information), whereas Ngn2 was down-regulated in two lines (#10 and #15, Fig. 4B-f; Fig. S11G in Supporting Information). Ascl1 was up-regulated by DAPT treatment in #10 (Fig. 4B-g ), but not in #15 or #16 (Fig. S11H in Supporting Information). NeuroD4 was unaffected by DAPT treatment ( Fig. 4B-h; Fig. S11I in Supporting Information). Although Atoh7 expression was altered in one DAPT-treated cell line, the effect was inconsistent across the three knock-in lines ( Fig. 4B-i ; Fig. S11J in Supporting Information). Based on previous work and the findings of our current study, the effect of DAPT treatment on Notch inhibitory signaling is summarized in Fig. 4C .
Discussion
In the present study, we used Crx::2A::E2-Crimson knock-in lines to evaluate the development of photoreceptors in 3D retinal differentiation culture. The fluorescence of E2-Crimson increased during the differentiation culture in parallel to the expression of Crx, and treatment of the differentiating cells with DAPT increased the number of E2-Crimson-positive cells and the expression of Crx. These findings indicate that the Crx gene expression reporter system worked correctly in the knock-in lines. The effect of knock-in gene cassette on the expression of neighboring genes seemed to be little, at least, in undifferentiated iPSCs (Fig. S4 in Supporting Information). The gene expression patterns of Crx, Pax6 and Otx2 were consistent with the data in the previous work (Fig. 2C,D; Fig. S6 in Supporting Information), in which Crx-positive cells were labeled with Crx promoter-induced GFP (Kaewkhaw et al. 2015) . Based on the assumption that the amount of expressed Crx protein and E2-Crimson protein should be the same, we compared the mRNA expression of Crx with the fluorescence of E2-Crimson. These two factors were positively correlated, although the correlation coefficient was low, as we predicted. As E2-Crimson is a tetrameric fluorescent protein (Strack et al. 2009 ), it might have taken time for the emission of fluorescence after Crx mRNA expression. As Crx protein in our system was localized in the nucleus (Fig. 2B) as the WT Crx protein (Osakada et al. 2008; Kaewkhaw et al. 2015) , the Crx protein appeared to be intact and functional, which validates the use of our system. Our knock-in strategy is also applicable to any marker genes for tracing donor cells after cell transplantation. Improving the cell survival rate after cell transplantation is of concern in retinal cell therapy (West et al. 2010) . As the retina is a transparent tissue, the fluorescence of donor cells can be detected with a fundus scope after the retinal cell transplantation.
We analyzed the gene expression profiles in the collected E2-Crimson-positive cells by FACS and qRT-PCR. E2-Crimson-positive cells expressed photoreceptor-specific genes, whereas E2-Crimson-negative cells were found to have little or no expression of photoreceptor-specific genes. These results indicated that E2-Crimson-positive cells differentiated into photoreceptors at the genetic level. As rod photoreceptors are the primary target of degeneration in retinitis pigmentosa (Curcio et al. 2009; Wright et al. 2010 ) and age-related macular degeneration (Curcio et al. 2000; Jackson et al. 2002) , rod photoreceptors are of particular interest for cell transplantation (MacLaren et al. 2006 ) and research into disease mechanisms (Jin et al. 2011; Parfitt et al. 2016) . However, we currently have no approaches to increase the rod photoreceptor population, except for ectopic induction of transcription factor Nrl (Oh et al. 2007) . Although previous work showed that human rod photoreceptors are induced by long-term retinal differentiation culture (Osakada et al. 2008; Zhong et al. 2014; Parfitt et al. 2016) , it is unclear how rod cell fate is determined. In this work, we observed the variation in the differentiation efficiency into rod photoreceptors in E2-Crimson-positive cells, and the correlation between several gene expression patterns. If rod differentiation arises predominantly from Crx signaling, Nrl expression should be correlated with Crx expression, as with other Crx dominant genes. However, different expression patterns were found (Fig. 3A,B) , indicating the involvement of other transcriptional factors/cofactors or feedback mechanisms. The gene expression pattern of RORb was more similar to that of Crx than that of Nrl (Fig. 3J) . As RORb expression in #16 (Fig. 3C) could have increased the distance from the RORb spot to the Nrl spot, the threshold mechanism may explain the gap between the RORb and Nrl spots. It is possible that the RORb gene could have transmitted the rod differentiation signal from the Crx gene to the Nrl gene. In the presence of 11-cis-retinal, Rho responds to light stimulation, and Gnat1 receives the signal and activates Pde6b, which results in closure of Cnga1 (Ripps 2010) . HCN1 functions as a high-pass filter, augmenting high-frequency light responses (Cangiano et al. 2007; Knop et al. 2008; Barrow & Wu 2009 ). Therefore, a part of the E2-Crimson-positive cell population at this stage would potentially be able to respond to light stimulation. Besides rod-related genes, E2-Crimson-positive cells also expressed cone-related genes including medium/ long-and short-wave-sensitive opsin 1 (Opn1M/LW and Opn1SW), transducing-a2 (Gnat2), phosphodiesterase 6H (Pde6h), phosphodiesterase 6C (Pde6c) and cyclic nucleotide-gated channel-a3 (Cnga3) (Fig. S9 in Supporting Information). Although it was difficult to compare the absolute ddCT values of each gene, the relative expression of opsins (Rho, Opn1M/ LW and Opn1SW) at D294 suggested that rod photoreceptors were the most prevalent photoreceptors differentiated from E2-Crimson-positive cells in vitro.
In one cell line (#16), which weakly expressed Crx in E2-Crimson-positive cells, no opsin expression was detected, whereas high expression of Calb2, an amacrine cell marker, and Vsx1, a bipolar cell marker, was detected (Fig. S10 in Supporting Information). These results indicated that high expression of Crx was required for the maturation of photoreceptors. In the previous study, Crx was weakly expressed in some cells in the inner nuclear layer of the human retina (Glubrecht et al. 2009 ), suggesting that low expression of Crx could control the induction of bipolar cells and amacrine cells. To our knowledge, transcriptional regulation of Crx in nonphotoreceptor cells has not been investigated.
We also examined which signal cascade was modulated by DAPT. Here, we observed that DAPT suppressed Hes5 expression, but not Hes1 expression, in E2-Crimson-positive cells. Hes5 down-regulation by DAPT treatment was consistent with data from previous work (Tsao et al. 2008; Balenci & van der Kooy 2014) . As Hes1 was up-regulated in retinal progenitors by sonic hedgehog secreted from postmitotic retinal ganglion cells (Wall et al. 2009 ), the surrounding environment or tissues might have maintained Hes1 expression. Additionally, Hes1 is expressed in a sustained manner in quiescent or slowly proliferating cells (Baek et al. 2006) . Nonetheless, the involvement of Hes1 in the effect of DAPT could not be excluded, because Hes1 expression is oscillating in several cell types (Shimojo et al. 2011) , and transient inactivation of Hes1 expression can induce neuronal differentiation (Nelson et al. 2007) . As a conditional knockout of Notch1 up-regulated the expression of proneural bHLH proteins, such as NeuroD1, Ngn2, NeuroD4, Atoh7 and Ascl1 in the retina (Jadhav et al. 2006; Yaron et al. 2006) , the expression of these genes was determined in DAPTtreated E2-Crimson-positive cells. NeuroD1 up-regulation in two cell lines might indicate differentiation toward photoreceptors, because NeuroD1 is highly expressed in rod and cone photoreceptors, and the photoreceptors degenerated in NeuroD1 knockout mice (Pennesi et al. 2003; Ochocinska et al. 2012) . Additionally, NeuroD1 is used for transdifferentiation of somatic cells into photoreceptors (Seko et al. 2014) . Ngn2 down-regulation and Ascl1 up-regulation were observed in a part of cell lines examined (two of three lines for Ngn2 and one of three lines for Ascl1). Ngn2 is expressed only in early retinal progenitors (Gradwohl et al. 1996; Sommer et al. 1996) , which can give rise to all types of neurons in the retina (Ma & Wang 2006) . Thus, Ngn2 downregulation might reflect maturation of E2-Crimsonpositive cells. Ascl1-expressing cells give rise to lateborn retinal cell lineages such as rod photoreceptors (Brzezinski et al. 2011) . The Hes family can also repress the activity of Rax on the Otx2 enhancer (Muranishi et al. 2011) , which may explain the Otx2 up-regulation by DAPT treatment. As seen in Fig. S12 in Supporting Information, the rate of differentiation into Crx-positive cells from iPSCs could be variable in culture conditions, among different passage numbers of iPSCs, or between selected iPSC lines. Nevertheless, DAPT-induced up-regulation of Crx, Otx2 and NeuroD1, and down-regulation of Hes5 and Ngn2, was consistent across the three knock-in iPSC lines.
In summary, we successfully inserted the E2-Crimson gene at the 3 0 -end of the Crx gene in the human iPSC genome using the CRISPR/Cas9 system. The Crx and E2-Crimson genes were connected using a 2A peptide sequence. After the translation of Crx::2A::E2-Crimson, the 2A peptide was cleaved and E2-Crimson was released into the cytosol. E2-Crimson fluorescence in Crx-expressing cells was detected by a FACS machine, and Crx-positive cells were purified using FACS. Using this gene expression monitoring system, we could explore the differentiation process from Crx-positive cells to rod photoreceptors, and investigate photoreceptor differentiation signaling using DAPT treatment. Therefore, our knock-in strategy at the 3 0 -end of the target gene is applicable not only for labeling specific cell lineages, but also for monitoring the expression of any marker genes.
Experimental procedures

Human iPSC culture
Human iPSCs (454E2, RIKEN BRC, Japan, Okita et al. 2011) were cultured in a feeder-free condition, as previously described (Kaewkhaw et al. 2015) . Cells were maintained in E8 medium (GIBCO, USA) in Matrigel (hESC-qualified Matrigel; BD Bioscience, USA)-coated 6-well plates. Cells were dissociated with 0.5 mM EDTA (Nacalai Tesque, Japan) diluted in D-PBS (Nacalai Tesque) for passaging or differentiation. For retinal cell differentiation (Nakano et al. 2012; Kaewkhaw et al. 2015) , dissociated cells were re-aggregated in V-bottom cell-repellent 96-well plates (Greiner Bio-One, Germany) at 9000 cells per well in 100 lL of differentiation medium (G-MEM; GIBCO) containing 20% knockout serum replacement (GIBCO), 0.1 mM nonessential amino acids (Wako, Japan), 1 mM pyruvate (SIGMA, USA), 100 U/mL penicillin-100 lg/mL streptomycin cocktail (Nacalai Tesque), 0.1 mM 2-mercaptoethanol (Wako) supplemented with 10 lM Y-27632 (Nacalai Tesque), and 3 lM IWR-1-endo (Calbiochem, USA). On day 2 (D2) after differentiation, 100 lL of the differentiation medium supplemented with 10 lM Y-27632, 3 lM IWR-1-endo and 2% Matrigel (growth factor-reduced Matrigel; BD Bioscience) was added to each well. On day 6 (D6), half of the medium in each well was changed to fresh differentiation medium supplemented with 3 lM IWR-1-endo and 2% Matrigel. On day 12 (D12), cell aggregates that had grown to embryoid bodies (EBs) were transferred to petri dishes (ASNOL Sterilization Plate; AS ONE, Japan), and the medium was changed to differentiation medium containing 10% fetal bovine serum (FBS; GIBCO) and 100 nM smoothened agonist (SAG; Enzo Life Science, USA). On day 18 (D18), the medium was changed to maintenance medium [DMEM/F12 + GlutaMax (10565-018 (GIBCO)] containing 1% N2 supplement with transferrin (Holo; Wako), 0.5 lM retinoic acid (Nacalai Tesque) and 100 U/mL penicillin-100 lg/mL streptomycin cocktail. Differentiated retinal cells were cultured in maintenance medium, and the medium was changed every 3 days. In some cases, 10 lM N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT; Wako) was added to the medium.
Human iPSC knock-in procedure
The 3 0 -terminal region of the Crx gene without the stop codon (1 kbp; homologous arm-left, HA-L) and the sequence after the coding region (1 kbp; homologous armright, HA-R) were subcloned from bacterial artificial chromosome (BAC; RP11-108F6; Advanced GenoTechs Co., Japan). The 2A peptide sequence and E2-Crimson (pE2-Crimson; Clontech, Japan) genes with a blasticidin (Bsd) resistance gene expression cassette (pCMV/Bsd; Thermo Fisher, USA) were inserted into the donor plasmid (Fig. 1A) . A single-guide RNA (sgRNA) targeting the 3 0 -terminal of the Crx gene (GGAAGTTTCAGATCTTGTAG) and Cas9 was induced by expression of the respective vectors (pRGEN-U6-sgRNA, pRGEN-Cas9-CMV; ToolGen, Korea). These three plasmid vectors were transfected into human iPSCs using an electroporation system (Nucleofector; Lonza, USA) following the manufacturer's instruction. After the electroporation, cells were plated on Matrigel-coated 6-well plates and cultured with Nutristem medium (Stemgent, USA). For the selection of colonies, 10 lg/mL blasticidin (Wako) was added to the culture medium on day 2 after electroporation. After 2-3 weeks of selection culture, surviving colonies were selected and amplified in new plates. Genome DNA of the colonies was extracted with DNAeasy Blood & Tissue Kit (Qiagen, USA). The gene insertion was confirmed by genotyping PCR with the following primers (Crxgene_F: gcatgattggatgactggatgg, CrxHAR_R: gctggttcgggttgctttctcaggaat) and LA Taq (TaKaRa, Japan). The selected colonies were stained with FITC-labeled rBC2LCN (Wako) (Onuma et al. 2013; Tateno et al. 2013 ), a probe for pluripotent stem cells, at 1/200.
Immunohistochemistry
Cultured cells were fixed with 4% paraformaldehyde for 15 min at room temperature. After the fixation, EBs were washed with PBS and treated with graded dehydration solution (10%, 20% and 30% sucrose in PBS at 4°C overnight for each). Then, EBs were embedded in OCT compound (Sakura Finetek, Japan), and sectioned in a cryostat (HM500; MICROM, Germany), or stored at À80°C until use.
Sections were treated with PBS-0.05% Tween-20 (PBS-T) and PBS-0.3% Triton X twice for membrane permeabilization. They were incubated with blocking solution containing 5% goat serum in PBS for 1 h at room temperature and then incubated at 4°C overnight with primary antibody [rabbit anti-E2-Crimson (DsRed) at 1/50 (Clontech); rabbit anti-OTX2, at 1/800 (Sigma); rabbit anti-Pax6 at 1/100 (Biolegend, USA); rabbit anti-Crx at 1/50 (Santa Cruz Biotechnology, USA); mouse anti-recoverin at 1/300 (Abcam, UK); mouse anti-rhodopsin at 1/1000 (Abcam); mouse anti-Oct3/4 at 1/500 (Santa Cruz Biotechnology); rabbit antiNanog at 1/100 (ReproCell, Japan); mouse anti-SSEA4 at 1/500 (Abcam); TRA-1-60 at 1/500 (Millipore, USA)] containing 1% goat serum in PBS. Then, samples were washed with PBS-T and incubated for 1 h at room temperature with secondary antibody [anti-mouse/rabbit IgG conjugated with Alexa488/594 at 1 : 500 (Life Technologies, USA)] and 4 0 ,6-diamidino-2-phenyindole (DAPI at 1 : 1000; Nacalai Tesque) containing 1% goat serum in PBS. After washing with PBS-T, samples were mounted in Fluoro-KEEPER (Nacalai Tesque), and fluorescent images were acquired on a fluorescence (BZ9000; KEYENCE, Japan) or confocal microscope (LSM710; Carl Zeiss, Germany).
Fluorescence-activated cell sorting (FACS) analysis
Cultured EBs were dissociated with Accumax (Innovative Cell Technologies, USA) for 15 min. Cells were centrifuged (1000 rpm for 5 min) and resuspended in PBS containing near-IR fluorescent reactive dye (L10119; Life Technologies) to label dead cells. Cells were filtered with cell strainer (100 lm; Falcon, USA) and kept on ice until FACS analysis. Cells were collected and analyzed using BD FACSAria TM II (BD Bioscience). APC-A or PE-A filters (BD Bioscience) were used for cell sorting.
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
Total RNA was prepared from cultured or collected cells. Cells were lysed in ISOGEN-LS (Wako). RNA was extracted with chloroform, precipitated with isopropyl alcohol, washed with 75% ethanol and briefly air-dried. The RNA pellet was resuspended in RNase-free water and RNase inhibitor (TaKaRa), and then reverse-transcribed with a ReverTra Ace qPCR RT Kit (Toyobo, Japan). The resulting cDNA was amplified with gene-specific primers (listed in Table S1 in Supporting Information) and SYBR Premix ExTaq II (TaKaRa). Real-time PCR analysis was carried out using a Thermal Cycler Dice (TaKaRa). Relative expression of genes, as compared to that of actin-b (ACTB), was quantified using the delta-delta CT (ddCT) method.
Statistical analysis
Statistical analysis was carried out using Welch's t-test, and one-way analysis of variance (ANOVA) followed by Dunnett's test for multiple comparisons. A P value of <0.05 was considered as significant.
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